Introduction
There is now considerable evidence that the somatic mutation theory of carcinogenesis is essentially correct. At the same time, there is increasing appreciation that cell proliferation kinetics play a critical role in malignant transformation (1) . Cell proliferation may affect the risk of cancer in one or more of at least two ways. First, an increase in the rate of cell proliferation may lead to an increase in the rate of mutation per unit time and thus to an increase in the risk of cancer. Second, an increase in cell division relative to cell differentiation or cell death may lead to an increase in the population of cells susceptible to malignant transformation, which, in turn, has the most profound effect on cancer risk. In sideration of cell kinetics in quantitative models of carcinogenesis.
There is now clear-cut evidence that programmed cell death, or apoptosis, is just as important as cell division in determining cancer risk. Some promoters may inhibit apoptosis (2) and some oncogenes may do the same (3) . Thus, it is important to explicitly consider apoptosis in mathematical models that incorporate cell proliferation kinetics. There is a mistaken impression (1) that, in mathematical models with cell kinetics, it is sufficient to consider only the net rate of growth of cells, i.e., it is sufficient to consider the difference between the rate of cell division and the rate of cell death. This is false, as I will try to illustrate by means of examples. Similarly, some so-called simulation models (1) If the rate of apoptosis is greater than zero, then there is a non-zero probability that an initiated cell will die without giving rise to a detectable lesion such as a papilloma on the skin or an altered focus in the liver. To some biologists, this conclusion may come as a surprise, because the irreversibility of initiation is current dogma. I am not suggesting that individual initiated cells revert to the normal phenotype, but because some initiated cells die, initiation is partially reversible on the level of the organ. Because normal cells that are initiated (altered) may die without giving rise to foci, it is impossible to determine from the number of observable foci alone how strong the initiating action of an agent is (6, 7) .
For the sake of simplicity, let us assume that the rates of cell division and apoptosis are constant. Then, the probability that an initiated cell and all its progeny die is given (asymptotically) by the ratio of the apopto- Inverse Dose-Rate Effect
The inverse dose-rate effect is a curious phenomenon that has been described with respect to exposure to high LET radiation and certain chemicals. It involves fractionation of a given total exposure leading to an increase in the lifetime risk of tumor. It turns out that agents that affect cell proliferation kinetics are predicted to have such an effect. I discuss this in greater detail below.
An Example. We have used the model presented above for the analysis of data on altered hepatic foci in rodent hepatocarcinogenesis experiments. It is well known that the rodent hepatocarcinogenesis model is characterized by the appearance of foci that exhibit alterations of enzyme expression. These foci are clonal, and at least some of them are believed to be premalignant lesions. It seems reasonable to believe that by studying the temporal evolution of these foci as functions of the doses of the agents under investigation, one should be able to derive estimates of the parameters relevant to initiation and promotion. I will illustrate by means of a simple example without going into any technical details, which are given in recent papers (8, 11) . In this example, rats were exposed to various concentrations (0, 0.1, 1, 5, 10, 20, 40 ppm) of N-nitrosomorpholine (NNM) in their drinking water. The following information was available on each animal: the concentration of NNM in the drinking water, the age of the animal when it was sacrificed, the number of ATPase-deficient foci observed in a two-dimensional section of the liver, and the area of the examined section, the radii in microns of each of the observed foci. The objective of the analysis was to study the effect of NNM on the parameters of the model and thus to study the initiation and promotion potencies of the compound. The relevant expressions required for the analysis can be found in a recent paper (8) . Briefly, the parameters of the model were estimated by maximizing the appropriate likelihood function. The results of the analysis are presented in Figure 2 . It can be seen from the figure that, although there are outliers, the rates of initiation and net proliferation of initiated cells are both linear functions of the dose of NNM. When the dose response functions are linear, we (8) proposed the following definitions of initiation and promotion potencies. Consider the appropriate linear regressions through the dose-response curves and define the potency as the quotient of the slope and the intercept. Thus, potency measures the proportionate increase over background of initiation or promotion per unit of dose. Potency, as defined here, depends on the units in which dose is measured; however, once the potency is computed in a given system of units, it is an easy matter to express it in any other system of units. Figure 1 show that the lifetime probability of tumor is higher with fractionation of a given total exposure. Another way of stating this fact is that a given total dose of a promoter is more effective in bringing about malignant transformation with prolonged application. Figure 3 illustrates this situation. Figure 3 is a plot of probability of occurrence of malignant tumor as function of time after application of promoter is begun. The curves in Figure 3 represent tumor probability for identical total promoter dose but at different dose rates. Exposure to promoter is assumed to begin at age 10. The total administered dose is 500 units, and five 
Concluding Remarks
The consideration of cell kinetics in models of carcinogenesis leads to some surprising and unexpected results. Perhaps the most important consequence of considering both cell division and cell death explicitly is the conclusion that some initiated cells must die without giving rise to foci. This conclusion also underscores the importance of considering not just the net cell division rate, but cell division and cell death separately. Another important consequence is that agents that increase the net proliferation rate exhibit the inverse dose-rate effect.
